Introduction {#s1}
============

Free fatty acids (FFAs), the products of adipose tissue lipolysis, are critical molecules for many tissues as a source of fuel, membrane synthesis, and signaling molecules. The mechanism(s) by which circulating FFA enter cells for further metabolism is not completely understood. CD36, the human analog of fatty acid transporter, is a glycoprotein that is present in the plasma membrane of many cell types ([@B1]). It functions as a scavenger receptor for various ligands ([@B2]) and facilitates the inward transport of fatty acids ([@B3],[@B4]). The role of CD36 in long-chain FFA metabolism (binding/transport) was suggested 20 years ago ([@B5]) and further clarified using whole animal and tissue experiments from *CD36* knockout mice ([@B3],[@B6]--[@B8]). Results from ex vivo experiments suggest that CD36 is more important for cellular FFA uptake when the FFA-to-albumin ratio is low (e.g., low unbound FFA concentrations) ([@B3]). Whether CD36 also supports inward fatty acid transport when FFA concentrations are increased in vivo is not clear, and its role in human physiology is also not well documented. Therapeutic strategies aimed at inhibiting CD36-mediated fatty acid transport are being developed ([@B9]), making it important to understand the tissues and circumstances where such interventions might be effective.

The majority of research examining the role of CD36 in humans has been conducted in Asian populations who have a higher prevalence of a gene variant that, in homozygotes, results in expression of a nonfunctioning variant of CD36 ([@B10]--[@B12]). Associations between CD36 deficiency and insulin resistance ([@B13]), dyslipidemia ([@B14]), and cardiovascular health ([@B15]) have been published. We are aware of three reports of reduced or absent myocardial fatty acid uptake in patients with documented ([@B16],[@B17]) or presumed ([@B18]) *CD36* gene mutations. Little else is known about the possible role of CD36 in extracardiac tissue FFA uptake in humans.

Serendipitously, a volunteer for one of our FFA metabolism studies had undetectable adipose tissue CD36 content. This study participant was of Asian descent and agreed to undergo testing for *CD36* mutations; testing showed that he was homozygous for the C478T substitution in *CD36* resulting in a Pro90Ser substitution. All four of the participant's immediate, adult family members agreed to be tested for the Pro90Ser CD36 mutation. and all five family members agreed to undergo the \[^11^C\]palmitate, positron emission tomography (PET)/computed tomography (CT) studies outlined below to measure FFA uptake in multiple tissues in vivo. Our objectives were to define the role of CD36 in tissue FFA uptake as a function of plasma FFA concentrations in humans.

Research Design and Methods {#s2}
===========================

The protocol was approved by the Institutional Review Board and conducted at the Center for Translational Science Activities' Clinical Research Unit (CRU) and the Nuclear Medicine Department at Mayo Clinic, Rochester, MN. Written informed consent was obtained from all volunteers.

Participants {#s3}
------------

Five family members (mother, father, and three children) donated blood for DNA analysis of the gene alteration resulting in the Pro90Ser mutation of CD36. Both parents and one daughter were heterozygous, whereas the other daughter and son were homozygous. To optimize the planned comparisons of tissue FFA uptake, we recruited volunteers matched to each family member by sex, age (±2 years), BMI (±1.0 kg/m^2^), and body fat (±3%). We recruited a Caucasian control population because of their very low prevalence of *CD36* gene mutations (0.22%) ([@B10]).

Study Protocol {#s4}
--------------

Prior to the PET/CT studies, body composition was measured using DEXA (GE Lunar; General Electric, Madison, WI). We also performed biopsies of subcutaneous adipose tissue from the abdomen and thigh ([@B19]) to measure fat cell size, CD36 protein content, and the activities of some enzymes involved in fatty acid storage: Acyl-CoA synthetase (ACS) and diacylglycerol acetyltransferase (DGAT).

Each participant completed two \[^11^C\]palmitate PET studies to measure tissue FFA uptake. The studies were designed to create FFA concentrations below and above those typically observed in overnight postabsorptive adults. The studies were scheduled at least 1 week apart, and the order of the studies was assigned by random chance. Participants were asked to maintain their usual eating and physical activity habits between visits and not to participate in vigorous physical activity for the 3 days prior to these visits. For suppression of FFA concentrations, the participants were instructed to consume breakfast before reporting for the study. In addition, prior to the PET/CT scan they consumed a 75-g glucose beverage and received a continuous intravenous infusion of 20% dextrose at a rate of 5 mg ⋅ kg fat-free mass^−1^ ⋅ min^−1^ throughout the study. To create increased blood FFA concentrations, we instructed participants to abstain from consuming anything other than water for at least 18 h prior to admission to the visit. For both studies, an intravenous catheter was placed in an antecubital vein for administration of infusates and a retrograde catheter was inserted in a hand vein of the opposite arm to collect arterialized venous blood using a "hot box" technique. Blood samples were collected to measure plasma FFA, glucose, and insulin prior to consumption of glucose and/or the start of any infusions.

A CT scan of the trunk was completed, followed immediately by a 20-min, dynamic \[1-^11^C\]palmitate PET scan to measure palmitate uptake in truncal tissues and organs. All studies were conducted using a Discovery RX PET/CT system (GE Healthcare, Waukesha, WI) operating in two-dimensional mode. The PET system used the following sequence after a bolus injection of the \[1-^11^C\]palmitate (∼1,110 MBq, 20--30 mCi) to measure the spatial and temporal distribution of the tracer: 20 frames at 3 s, 12 frames at 10 s, 4 frames at 20 s, and 4 frames at 300 s. Blood samples (3--10 mL) were collected at 6, 10, 14, 18, 20, and 22 min to correct the time activity curve (TAC) for ^11^CO~2~ (see procedure below) and to measure plasma palmitate concentrations. After completion of the dynamic scan, a CT scan and static PET scan of the upper thigh were performed to determine tissue palmitate uptake of that region.

Materials {#s5}
---------

\[U-^13^C\]palmitate was purchased from Cambridge Isotope Laboratories, Andover, MA. \[1-^11^C\]palmitate was synthesized by the Nuclear Medicine PET Radiochemistry Laboratory of the Mayo Clinic using previously described techniques ([@B20],[@B21]).

Analyses {#s6}
--------

### DNA Analysis {#s7}

Genomic DNA was extracted from whole EDTA blood of each family member using a Qiagen Gentra Puregene blood kit. PCR DNA sequencing was used to detect the C478T substitution in *CD36*.

### Sample Analyses {#s8}

Adipose tissue samples were thoroughly rinsed of blood with saline. A portion of the sample was placed in HEPES buffer and used to measure cell size after collagenase digestion as previously described ([@B22]). An aliquot of the biopsy sample was flash frozen and stored at −80°C until assayed for CD36 content ([@B23]), as well as ACS and DGAT enzyme activities ([@B24]).

Plasma palmitate concentrations were measured by ultra-performance liquid chromatography using a modification of our high-performance liquid chromatography procedure ([@B25]). Plasma concentrations were converted to whole blood concentration using each individual's hematocrit. Plasma palmitate enrichments were measured by liquid chromatography/mass spectrometry ([@B26]) to calculate palmitate clearance as previously described ([@B27]).

The following procedure was adapted from the methods of Fox et al. ([@B28]) and Bergmann et al. ([@B29]) to correct for the contribution of metabolized tracer (in the form of ^11^CO~2~) to the total radioactivity measured in left ventricle (LV) cavity blood to create the input function. From the blood samples collected during the dynamic PET scan, pairs of 1-mL aliquots of blood from each time point were placed into scintillation tubes containing 3 mL isopropyl alcohol. One milliliter of 6 N HCl was added to one aliquot and bubbled for 10 min with air to release CO~2~, and 1 mL 0.1 NaOH was added to the other aliquot. Radioactivity in the samples was measured with a γ-well counter. Total ^11^C radioactivity (kilobecquerels per milliliter) was measured in the alkalinized aliquot, and non^11^CO~2~ radioactivity (i.e., palmitate) was measured in the acidified aliquot. The ratio of the non^11^CO~2~ radioactivity to the alkalinized aliquot from each pair was corrected for isotopic decay.

### PET/CT Image Analysis {#s9}

All PET images were reconstructed with an iterative ordered subset expectation maximization reconstruction algorithm and a Gaussian postfilter of 7 mm. Corrections for attenuation, scatter, dead time, and randoms were applied; all frames were decay corrected to the start of the acquisition. The PET/CT images were transferred to PMOD (version 2.8; PMOD Technologies, Zurich, Switzerland). The CT provided borders to tissue, organs, and bone structures to define regions of interest (ROI) in the LV cavity and LV myocardium, liver, trunk postural muscles (i.e., erector spinae, abdominal oblique muscles, transversus abdominis, and rectus abdominis), and abdominal subcutaneous and visceral adipose tissue, as well as thigh adipose tissue and muscles of locomotion (i.e., quadriceps and hamstrings). The influx constant (K~i~) was determined using the Patlak analysis of the TACs generated for each ROI in the trunk ([@B30]). The blood input function was derived from a TAC using the ROI in the LV cavity combined with results from the blood samples corrected for the ^11^CO~2~ content. K~i~ (milliliters per gram tissue per minute) was then multiplied by the palmitate concentration in blood (micromoles per milliliter) to give the FFA uptake rate of each tissue (micromoles per gram tissue per minute). The FFA uptake rates in thigh adipose tissue and muscle from the static PET images were measured as follows: standardized uptake values (SUVs), which represent the uptake in an ROI normalized by the amount of radioactivity administered per body weight, were calculated for thigh muscle and adipose tissue regions of the static image of the thigh. The FFA uptake rate in thigh muscle was calculated by scaling the FFA uptake in truncal postural muscle by the ratio of the SUV in thigh muscle to the SUV in each individual's truncal postural muscle, where the SUV in trunk postural muscle was calculated from the final frame of the dynamic scan. Similarly, the FFA uptake rate in thigh adipose tissue was calculated by scaling the FFA uptake in each individual's abdominal adipose tissue by the ratio of SUV in thigh adipose tissue to the SUV in abdominal adipose tissue. This approach assumes that the relative FFA uptake rates for thigh and truncal muscles are equal to the relative SUVs for the thigh and truncal skeletal muscle. A similar assumption is made for thigh and truncal adipose tissue.

### Statistical Analyses {#s10}

Normally distributed data are expressed as means ± SD, and nonnormally distributed data are expressed as medians with interquartile intervals (25th, 75th). Two-sample *t* tests were used to compare differences in normally distributed, random variables between groups. We tested whether K~i~ could be used as a stand-alone, independent variable to compare between groups but found that K~i~ values were positively correlated with blood palmitate concentrations. Because of the strong, positive correlation between plasma FFA concentrations and adipose FFA storage ([@B31],[@B32]), we examined the relationships between blood palmitate concentrations and tissue FFA uptake rates measured by PET. For each tissue, we examined whether there was a linear relationship between blood palmitate concentrations and FFA uptake rates for low and high FFA conditions separately. Multiple linear regression analyses were used to relate palmitate uptake in each ROI during both study days to plasma palmitate concentration. The Cook D value, as well as visual inspection of the regression and leverage plots, showed that the Pro90Ser homozygous participants were consistent outliers during low plasma FFA conditions for palmitate uptake rates in all ROIs except liver. With the additional knowledge that these participants were Pro90Ser homozygous for the *CD36* gene and had no measurable CD36 in adipose tissue, the homozygous subjects' data were therefore excluded from the regression model predicting palmitate uptake in myocardium, abdominal and femoral subcutaneous adipose tissue, visceral adipose tissue, and postural and locomotive skeletal muscle in relation to plasma palmitate concentrations during the low-FFA condition. Thus, for the low-FFA condition, we used data from the control participants (*n* = 5) and the Pro90Ser heterozygous family members (*n* = 3) with readily detectable adipose CD36 protein content to determine the linear fit. The data from the two Pro90Ser homozygous family members with undetectable adipose CD36 were assessed relative to the results from the CD36-sufficient group (see [results](#s11){ref-type="sec"}). *P* \< 0.05 was considered statistically significant. JMP 9.0.1 (SAS Institute, Cary, NC) was used to run the analyses.

Results {#s11}
=======

Subject characteristics are provided in [Table 1](#T1){ref-type="table"}. CD36 protein was undetectable in abdominal and femoral subcutaneous adipose tissue of the Pro90Ser homozygotes. CD36 was measurable in adipose tissue from the Pro90Ser heterozygous family members and was ∼40--60% less than that found in control subjects ([Table 1](#T1){ref-type="table"}). ACS and DGAT activities in abdominal and femoral adipose tissue were not different between family members and control subjects. The median plasma leptin concentrations for family members (*n* = 5) was 4.3 ng/mL (interquartile intervals 2.1, 4.9) and for the control subjects (*n* = 5) was 4.8 ng/mL (2.4, 9.1). There was a strong, positive relationship between plasma leptin concentrations and percent body fat (*P* = 0.007) as expected ([@B33]); the relationship was not different between family members and control subjects.

###### 

Subject characteristics

                                          CD36-deficient: homozygous family members   CD36-sufficient   *P*                   
  --------------------------------------- ------------------------------------------- ----------------- --------------------- -------
  *n*                                     2                                           3                 5                     
  Sex (male/female)                       1/1                                         1/2               2/3                   
  Age (years)                             25/22                                       41 ± 20           34 ± 16               
  BMI (kg/m^2^)                           22.6/21.4                                   21.8 ± 1.2        22.3 ± 1.8            
  Body fat (%)                            19/24                                       28 ± 6            24 ± 6                
  Abdominal subcutaneous adipose tissue                                                                                       
   Adipocyte size (µg/cell)               0.59/0.92                                   0.79 ± 0.21       0.29 ± 0.09           0.003
   CD36 (arbitrary units/mg tissue)                                                   6.3 ± 4.5         10.6 ± 2.9            0.23
   ACS (pmol/min/mg tissue)               64/57                                       61 ± 22           71 ± 20               0.40
   DGAT (pmol/min/mg tissue)              5.8/10.9                                    8.6 ± 2.8         7.3 ± 1.5 (*n* = 4)   0.41
  Thigh subcutaneous adipose tissue                                                                                           
   Adipocyte size (µg lipid/cell)         0.36/0.78                                   0.73 ± 0.32       0.72 ± 0.33           0.80
   CD36 (arbitrary units/mg tissue)                                                   4.9 ± 2.2         11.5 ± 4.7            0.04
   ACS (pmol/min/mg tissue)               61/56                                       56 ± 20           87 ± 24               0.05
   DGAT (pmol/min/mg tissue)              4.5/10.9                                    9.8 ± 4.3         8.7 ± 2.4             0.92

The normally distributed data, presented as means ± SD, are from family members (*n* = 5) and control subjects (*n* = 5) unless otherwise noted. The individual data for the two homozygous Pro90Ser family members are provided. Age, BMI, and body fat were intentionally matched and thus not subject to statistical testing.

Eighteen hours of fasting on the high-FFA study day resulted in plasma glucose and insulin concentrations of 4.3 ± 0.4 mmol/L and 2.7 ± 1.9 µU/mL, respectively, and plasma and whole blood palmitate concentrations of 145 ± 34 and 84 ± 20 µmol/L, respectively. The glucose drink and intravenous glucose given to achieve the low-FFA condition resulted in plasma glucose and insulin concentrations of 8.8 ± 2.0 mmol/L and 41.7 ± 16.6 µU/mL, respectively, and plasma and whole blood palmitate concentrations of 19 ± 14 and 11 ± 8 µmol/L, respectively.

Because the three Pro90Ser heterozygous family members and control subjects had detectable CD36 protein and because the relationships between blood palmitate concentrations and tissue palmitate uptake rates were indistinguishable between heterozygous family members and control subjects, the data from these eight participants were used to represent the CD36-sufficient group. The two Pro90Ser homozygous family members are referred to as CD36-deficient participants.

For the CD36-sufficient participants, muscle and adipose palmitate uptake rates as a function of blood palmitate concentrations under high-FFA conditions are shown in [Fig. 1](#F1){ref-type="fig"}. The positive relationships between blood palmitate concentrations and rates of palmitate uptake in trunk and thigh muscles, as well as for abdominal subcutaneous adipose tissue, were highly significant, whereas these relationships were of borderline significance for femoral and visceral adipose tissue ([Fig. 1](#F1){ref-type="fig"}). There were also strong, positive relationships between blood palmitate concentrations and palmitate uptake in liver ([Fig. 2*A*](#F2){ref-type="fig"}) and myocardium ([Fig. 3*A*](#F3){ref-type="fig"}). Our hypothesis that CD36 deficiency would reduce myocardial palmitate uptake was consistent with the data from the high-FFA study day: myocardial palmitate uptake rates were \>2 SD below predicted for blood palmitate concentrations. In contrast, for all noncardiac tissues ([Figs. 1](#F1){ref-type="fig"} and [2*A*](#F2){ref-type="fig"}) the CD36-deficient participants were indistinguishable from the CD36-sufficient participants. The palmitate uptake rates in CD36-deficient participants were as likely to be greater as they were to be less than those seen in the CD36-sufficient group. These results suggest that CD36 is important for normal myocardial FFA uptake but does not limit liver, muscle, and adipose FFA uptake when FFA concentrations are modestly greater than those typically seen in overnight postabsorptive adults.

![PET-measured palmitate uptake rate as a function of blood palmitate concentration during high-FFA conditions in control subjects (open circles), heterozygous family members (black circles), and homozygous Pro90Ser family members (red circles) for the following regions: visceral adipose (*R* = 0.67, *P* = 0.07) (*A*), thigh (*R* = 0.70, *P* = 0.06) (*B*), and abdominal subcutaneous adipose (*R* = 0.94, *P* = 0.0006) (*C*) tissue, and trunk (*R* = 0.85, *P* = 0.007) (*D*) and thigh (*E*) muscle (*R* = 0.92, *P* = 0.001).](3606fig1){#F1}

![PET-measured rate of palmitate uptake in the liver as a function of blood palmitate concentration at high-FFA (*R* = 0.92, *P* = 0.001) (*A*) and low-FFA conditions (*R* = 0.96, *P* = 0.0001) (*B*). Control subjects are represented by open circles, heterozygous family members by black circles, and homozygous Pro90Ser family members by red circles. The dashed lines represent the 95% CI around the regression line.](3606fig2){#F2}

![PET-measured myocardial palmitate uptake rate as a function of blood palmitate concentration during high-FFA (*A*) and low-FFA (*B*) conditions in control subjects (open circles), heterozygous family members (black circles), and homozygous Pro90Ser family members (red circles). The concentration/uptake relationships for control subjects plus heterozygous participants were significant for both the high (*R* = 0.73, *P* = 0.04) and low (*R* = 0.94, *P* = 0.0005) concentrations. The dashed lines represent the 95% CI around the regression line.](3606fig3){#F3}

[Figures 2*B*](#F2){ref-type="fig"}, [3*B*](#F3){ref-type="fig"}, and [4](#F4){ref-type="fig"} depict the relationships between blood palmitate concentrations and PET-measured tissue palmitate uptake rates for the CD36-sufficient and -deficient participants under low-FFA conditions. All associations between blood palmitate concentrations and tissue palmitate uptake rates for CD36-sufficient participants were highly statistically significant. Hepatic palmitate uptake is clearly identical in CD36-deficient and -sufficient participants ([Fig. 2*B*](#F2){ref-type="fig"}). However, myocardial, adipose tissue, and muscle palmitate uptake rates for CD36-deficient participants were uniformly less than those predicted for the CD36-sufficient participants ([Figs. 3*B*](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). To quantify the differences in tissue palmitate uptake between the CD36-deficient and -sufficient volunteers, we calculated the residual differences (observed--predicted) for each of the CD36-sufficient volunteers and computed the SD of the residual differences. Palmitate uptake rates in CD36-deficient family members were at least \>2 SD below that predicted by blood palmitate concentrations of the CD36-sufficient participants for all nonhepatic tissues, the single exception being that thigh muscle palmitate uptake was 1 SD below that predicted by palmitate concentration in one CD36-deficient family member; the other CD36-deficient family member had thigh muscle uptake values \>2 SD below predicted. These results show that rates of long-chain FFA uptake are significantly reduced in heart and skeletal muscle, as well as in visceral, abdominal subcutaneous, and thigh adipose tissue in CD36-deficient humans when FFA concentrations are low.

![PET-measured palmitate uptake rate as a function of blood palmitate concentration during low-FFA conditions in control subjects (open circles), heterozygous family members (black circles), and homozygous Pro90Ser family members (red circles) for the following regions: visceral adipose (*R* = 0.91, *P* = 0.002) (*A*), thigh (*R* = 0.80, *P* = 0.02) (*B*), and abdominal subcutaneous adipose (*R* = 0.95, *P* = 0.0003) (*C*) tissue, and trunk (*R* = 0.95, *P* = 0.0003) (*D*) and thigh (*E*) (*R* = 0.94, *P* = 0.0004) muscle. The dashed lines represent the 95% CI around the regression line.](3606fig4){#F4}

We were able to measure palmitate flux and clearance in 8 of the 10 participants using the \[U-^13^C\]palmitate infusion approach ([@B26]). On the study day with high-FFA concentrations, plasma palmitate clearance of CD36-deficient participants (*n* = 2; 717 ± 25 mL/min) appeared no different from the CD36-sufficient participants (*n* = 6; 773 ± 255 mL/min). However, under low-FFA conditions, average palmitate clearance in the CD36-deficient participants was less than half that of the CD36-sufficient participants (972 vs. 1,985 mL/min), consistent with the reduced uptake by myocardium, skeletal muscle, and adipose tissue in those with CD36 deficiency.

Discussion {#s12}
==========

We used \[1-^11^C\]palmitate dynamic and static PET/CT scan techniques to measure liver, adipose, and muscle FFA uptake in two siblings homozygous for the C478T substitution (Pro90Ser) of *CD36*, resulting in an essential knockout of CD36 protein, as well as three heterozygous Pro90Ser family members and five carefully matched control volunteers. Each participant underwent two separate studies, one creating low and one creating modestly increased FFA concentrations. This study design allowed us to determine whether CD36 deficiency reduces heart, skeletal muscle, adipose tissue, and liver FFA uptake under one or both conditions in humans in vivo. Myocardial palmitate uptake in CD36-deficient family members was reduced under both high- and low-FFA conditions. Muscle and adipose tissue FFA uptake were significantly reduced in CD36-deficient family members only under conditions of low plasma FFA. Liver palmitate uptake in CD36-deficient family members was indistinguishable from CD36-sufficient participants under both FFA conditions. These results emphasize the heterogeneity of CD36-dependent inward transport of FFA with respect to tissues and FFA concentrations in humans.

Previous studies of FFA metabolism in humans with *CD36* mutations have focused on heart disease and used FFA tracers that differ structurally from natural FFA ([@B16],[@B17],[@B34],[@B35]). Most have reported evidence for reduced myocardial FFA uptake associated with *CD36* mutations, but none measured plasma FFA concentrations, which are a major determinant of tissue FFA uptake ([@B32]). By using a carbon-labeled palmitate PET tracer and accounting for FFA concentrations, we can confidently conclude that myocardial FFA uptake is dependent to some degree on CD36 under conditions of both high- and low-FFA concentrations. Our results are consistent with the reports of reduced fatty acid uptake in myocardium of humans with *CD36* mutations ([@B16],[@B17],[@B34],[@B35]), as well as adipocytes isolated from *CD36* knockout mice under conditions of low, but not high, FFA concentrations ([@B3]). However, our results are at odds with a number of experiments using *CD36* knockout mice, including the finding of elevated leptin concentrations ([@B36]) and a report of reduced muscle palmitate uptake under normal FFA concentration conditions ([@B37]).

In accordance with previous studies ([@B16],[@B17],[@B34],[@B35]), we found a 57--73% reduction in myocardial FFA uptake in adults homozygous for the Pro90Ser *CD36* mutation. Given that FFA is an important fuel source for cardiac muscle ([@B38]), these combined findings suggest that interventions designed to inhibit CD36 function will reduce myocardial FFA uptake when FFA are high normal or less. Fukuchi et al. ([@B34]) observed increased myocardial glucose uptake in concert with reduced FFA uptake in Japanese adults with a *CD36* mutation. Interventions designed to inhibit CD36 function ([@B9]) will need to take this into consideration.

We postulate that FFA uptake in adipose and muscle in humans depends to a greater extent upon protein-facilitated inward transport when concentrations of unbound fatty acids are low. Our data strongly suggest that at concentrations equal to or slightly above those seen in the overnight postabsorptive state, fatty acids enter muscle and adipose via passive diffusion (aka flip-flop) or use protein transporters other than CD36. This may indicate that the controversy over facilitated transport versus flip-flop ([@B39]) is not an either-or process. Instead, in tissue-specific manners, when extracellular concentrations of unbound fatty acids are low, cells with greater amounts of CD36 and/or other fatty acid transport proteins will be better able to take up fatty acids than those with less ([Fig. 5](#F5){ref-type="fig"}). Consistent with this hypothesis, participants with greater thigh adipose CD36 had greater palmitate uptake in thigh fat than volunteers with lower, but still detectable, CD36 on the low-FFA day (*n* = 8; *r* = 0.86, *P* = 0.01). Conversely, at higher FFA concentrations, cellular fatty acid uptake may be more uniform between different cells/tissues even if they differ substantially in CD36 ([@B40]) ([Fig. 5](#F5){ref-type="fig"}). To the extent that there may be competition for fatty acid uptake between FFA and VLDL-derived fatty acids from the action of lipoprotein lipase, it is worthwhile noting that VLDL-triglyceride concentrations are unlikely to be altered by short-term (\<2 h) elevations of glucose and insulin compared with fasting ([@B41]).

![Proposed model for skeletal muscle and adipose tissue FFA uptake in humans. The *x*-axis represents relative FFA concentrations, with 0 being the lowest physiological concentrations that can be achieved and 100 being the highest physiological concentrations that are observed. The *y*-axis represents relative tissue FFA uptake in CD36-dependent tissues, with 0 being the lowest uptake that can be detected and 100 being the highest achievable tissue FFA uptake. In this model, humans with reduced tissue CD36 content will have lesser FFA uptake when FFA concentrations fall below overnight postabsorptive levels, whereas those with increased CD36 content will have greater FFA uptake than predicted based upon plasma FFA concentrations.](3606fig5){#F5}

We found that hepatic palmitate uptake in CD36-deficient adults was very similar to CD36-sufficient participants under conditions of both high- and low-FFA concentrations, indicating that the liver does not depend upon CD36-facilitated FFA transport. This finding complements the finding of normal liver (and kidney) uptake of a radioactive iodinated fatty acid analog in postprandial *CD36* knockout mice compared with control mice ([@B7]). Many humans, especially in Western societies, spend a considerable portion of the day in the postprandial state with reduced FFA concentrations. In humans with absent or lesser amounts of CD36, postprandial conditions would be expected to favor FFA uptake in tissues such as liver that do not require CD36, resulting in a mild but chronic fatty acid overload relative to muscle and adipose tissue. Our findings may explain the observation of Goudriaan et al. ([@B42]), who noted hepatic but not muscle insulin resistance in *CD36* knockout mice, as well as the observation that dyslipidemia, more so than insulin resistance, is associated with *CD36* mutations in humans ([@B43]).

There are some limitations to this study. Despite screening a large gene database of Rochester, MN, residents, we were unable to identify anymore individuals with important CD36 polymorphisms, limiting our study to the two CD36-deficient participants. We believe that our conclusions are strong, however, because of the consistency of the data for three adipose tissue depots and two muscle depots. Except in liver, palmitate uptake at low concentrations was always below predicted in Pro90Ser homozygotes (usually by \>2 SD). The chances that we would observe reduced palmitate uptake of any degree given this number of observations is ∼2 in 10,000. Considering the following, we suggest that our evidence is convincing: *1*) the marked degree of the observed defect in comparison with control subjects matched for age, sex, and percent body fat to minimize confounding characteristics; *2*) that our results are biologically plausible; *3*) the very low probability that our findings are by chance; and *4*) that they occur in the context of lesser palmitate clearance during low-FFA concentrations. Our finding that CD36 deficiency results in impaired palmitate uptake in muscle and adipose tissue under conditions of suppressed FFA does not completely address the potential role of other fatty acid transport proteins in humans. However, studies using animal models indicate a minor role for these other FA transporters (e.g., FABP~PM~ and FATP) ([@B37]). Likewise, we examined liver, muscle, and adipose palmitate uptake under low and moderately elevated FFA conditions and cannot pinpoint whether there is an exact transition from CD36-facilitated FFA uptake to CD36-independent uptake. Most likely, there is a graduated effect as FFA concentrations decrease. However, performing a large number of PET/CT studies on each volunteer to define their exact response would be problematic owing to the use of ionizing radiation.

In conclusion, we found substantial tissue and FFA concentration-dependent heterogeneity in the requirement for CD36-mediated tissue FFA uptake. CD36 plays an important role in adipose and muscle under conditions of suppressed but not modestly increased FFA concentrations; myocardium appears to use CD36 under both conditions, whereas hepatic FFA uptake is not affected by CD36 deficiency. These findings identify the role of facilitated inward transport for tissue fatty acid metabolism in humans and provide important information when considering CD36 as a therapeutic target ([@B9]).
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